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 AN ECOLOGICAL RISK-BASED CLEANUP STRATEGY FOR 
CONTAMINATED SEDIMENTS IN A FRESHWATER BROOK  
Margaret E. McArdle,1§ Susan B. Kane-Driscoll,1  and Pieter N. Booth2 
1Exponent, One Clock Tower Place, Suite 150, Maynard, MA, USA, 01754, 2Exponent, 15375 SE 30th Place, Suite 250, 
Bellevue, WA, USA, 98007 
ABSTRACT  
An ecological risk-based approach was used to define the extent of remediation in a 
brook adjacent to a former manufacturing and assembly plant.  Sediment contained 
concentrations of metals, polycyclic aromatic hydrocarbons (PAHs), phthalates, 
polychlorinated biphenyls (PCBs), and pesticides above sediment quality benchmarks.  
Samples of sediment were analyzed for metals, 34 individual PAHs, phthalates, PCBs, 
pesticides, total organic carbon, black carbon, and sediment toxicity using the 42-day 
Hyalella azteca toxicity test.  In addition, freely dissolved concentrations of PAHs in 
pore water from a subset of samples were determined using a solid phase microextraction 
(SPME) technique.  Concentrations of freely dissolved PAHs in pore water and 
bioavailable PAHs in sediment were below levels of concern for aquatic organisms.  
Further evaluations indicated that lead was the contaminant most closely associated with 
sediment toxicity.  A site-specific sediment cleanup level for lead in sediment was 
developed to define areas for sediment removal in the brook.  Using the site-specific 
sediment cleanup level for lead resulted in a substantially smaller remediation footprint in 
the brook (24,434 ft2; 2,270 m2) than that originally proposed (64,799 ft2; 6,020 m2) 
based on exceedance of sediment quality benchmarks. 
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 1. INTRODUCTION 
An investigation was conducted to determine the extent of remediation in a brook (the 
Brook), located along the western property line of a former manufacturing and assembly 
facility (the facility) in eastern Massachusetts.  The work described here is a part of the 
comprehensive response actions that were conducted in compliance with the 
Massachusetts Contingency Plan.  Other components of the response actions included a 
comprehensive site assessment, human health risk assessment, ecological risk 
assessment, remedial feasibility study, and remedial action plan.  The focus of this paper 
is on ecological risks, which need to be reduced through remediation of sediment in 
portions of the Brook. 
The facility and the Brook are located in an urban setting with mixed industrial, 
commercial, and residential uses.  The headwaters are surrounded by undeveloped 
wooded and emergent wetlands in an area immediately upstream of the facility.  
Approximately 3.5 miles downstream of the facility, the Brook discharges into a pond, 
which is located in a municipality.  Historically, four sources of discharges entered the 
Brook within the study area:  an outfall from the wetlands that discharges to the upstream 
reaches of the Brook near the facility, a roof drain from facility buildings, an outfall from 
a settling lagoon that was used to treat process and non-process wastewater, and a storm 
water drainage outfall from paved areas of the facility.   
Habitat quality in the Brook reflects the influence of stressors that are typical in an 
urban setting, such as high peak flows caused by the preponderance of impervious 
surfaces in the drainage area, encroachment of development and subsequent riparian 
habitat loss, and water quality degradation resulting from urban storm water discharges.  
The Brook is shallow and, under normal flow conditions, ranges from 0.5 to 2.5 ft (2 ft 
average) in depth and from 15 to 28 ft (20 ft average) in width.  These physical and 
hydrologic conditions are generally adequate to support benthic macroinvertebrates and 
seasonal populations of fish and semi-aquatic organisms, such as reptiles and amphibians.  
In addition, habitat features that support aquatic life, such as submerged or emergent 
aquatic vegetation, leaf litter, and submerged terrestrial vegetation (deadfall) are also 
present in the Brook at various locations. 
Previous site studies indicated that sediment in the Brook contained elevated 
concentrations of metals, PAHs, phthalates, PCBs, and pesticides that exceeded sediment 
quality benchmarks (SQBs) (MacDonald et al., 2000; Long and Morgan, 1990; Jones et 
al., 1997).  Toxicity testing conducted in November 1998 revealed that some sediment 
samples from the Brook were toxic to test organisms in 10-day toxicity tests using the 
amphipod, Hyalella azteca, and the midge, Chironomous tentans (USEPA, 2000; ASTM, 
2005).  No station exhibited lethal toxicity in the chironomid test, while 4 of the 
12 stations displayed lethal toxicity in the amphipod test.  Two stations downstream of 
the lagoon exhibited sublethal toxicity (reduced growth) for the chironomid test, and one 
of these stations also exhibited sublethal toxicity (reduced biomass) for the amphipod 
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 test.  Sublethal toxicity was not observed in the furthest downstream reach.  The lack of 
observed toxicity in sediments from the furthest downstream station suggested that toxic 
effects are confined to the areas of the Brook adjacent and just downstream of the lagoon.  
Because state agencies currently recommend the use of long-term toxicity tests, the 
current study re-evaluated toxicity of the Brook sediment using a 42-day toxicity test 
with H. azteca (USEPA, 2000), with survival, growth, and reproduction endpoints. 
The Sediment Quality Triad is commonly used to evaluate risk to benthic organisms 
from sediment-associated contaminants.  This approach uses three types of 
measurements:  concentrations of contaminants in bulk sediment, laboratory toxicity 
tests, and characterization of the benthic community, to reach conclusion regarding risk.  
Although the utility of the Sediment Quality Triad approach has been clearly 
demonstrated (Chapman, 1996; Krantzberg et al., 2000; Borgmann et al., 2001; 
Grapentine et al., 2002; Reynoldson et al., 2002a, b; Chapman, 2002), at some 
contaminated sites, the presence of non-contaminant factors such as nutrient enrichment, 
changes in dissolved oxygen or water temperature, or streambed sedimentation may mask 
the contaminant-related impacts on the benthic invertebrate community.  In such cases, 
more reliance may be placed on the other two types of measurements, the bulk sediment 
chemistry and laboratory toxicity tests, and the benthic invertebrate community field 
study may not be considered.  A benthic invertebrate community field study was not 
conducted as part of the current investigation; it was determined that this kind of 
investigation would not yield meaningful results because the high spatial and temporal 
variability associated with non-contaminant stressors discussed above are likely 
impacting the habitat quality of the Brook study site. 
The main objective of the current study was to define the extent to which facility-
related chemicals pose a risk to benthic invertebrates exposed to sediment in the Brook.  
Benthic invertebrates were selected as the potential receptor community in the Brook, 
because they are relatively immobile and would be highly exposed to contaminants in the 
sediment of the Brook.  No fish were observed in the Brook during the Site visits and 
sediment sampling, probably because of low flow conditions.  In addition, aquatic habitat 
characteristics of the Brook are not conducive to the establishment and maintenance of a 
permanent fish community.  Because the Brook does not contain abundant prey items for 
wildlife, such as freshwater mussels and fish, wildlife also were not selected as receptors 
for this assessment.  The results of the study were used to determine whether remedial 
actions are necessary to protect benthic invertebrates, and to assist in developing a 
remedial design plan that is appropriate for the Brook. 
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 2. MATERIALS AND METHODS 
2.1 Study Design 
Sediment was collected from 25 stations along the length of the Brook.  Sampling 
locations included an upstream reference location (i.e., outside of the influence of the 
facility); several locations immediately downstream from outfalls, which once released 
process and non-process wastewater but currently release runoff from parking lots 
adjacent to the Brook or are sealed; and six locations in the Brook but downstream of the 
property boundary (Figure 1).  Using existing data on sediment chemistry, stations were 
selected to represent a broad range of concentrations of potentially facility-related 
chemicals.   
 
Figure 1.  Sampling locations in a brook along a former manufacturing and assembly facility in eastern 
Massachusetts (USA).  Numbered locations were submitted for the full suite of chemical analysis and 
sediment toxicity testing.  Also shown are the two excavation footprints based on exceedance of sediment 
quality benchmarks and observed toxicity and exceedance of site-specific target cleanup level. 
Expedited analyses of metals and semi-volatile compounds (SVOCs) were conducted 
to identify a subset of samples for toxicity testing and additional chemical testing.  A total 
of 14 sediment samples, with a wide range of contaminant concentrations, were 
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 submitted for toxicity testing.  The goal was to bracket the upper and lower effects 
concentrations for potentially facility-related chemicals and establish quantitative 
relationships between exposure and effects.  Samples included:  three samples from the 
upstream reference area (sample locations 1, 2 and 3), six samples from the reach 
adjacent to the facility (sample locations 4, 5, 6, 7, 8 and 9), two samples from the reach 
downstream of the facility but within property boundaries (sample locations 10 and 11), 
and three samples (sample locations 12, 13, and 14) from downstream of the property 
boundaries (Figure 1).  The selected subset of sediment samples were analyzed for target 
analyte list (TAL) metals, target compound list (TCL) SVOCs, TCL pesticides, PCB 
Aroclors®, TOC, black carbon, and sediment grain size.   
A subset of five samples (sample locations 5, 6, 7, 11 and 13) was selected for 
analysis of the bioavailable fraction of PAHs using a laboratory-based solid-phase 
microextraction technique. The selected sediment samples represented typical physical 
sediment conditions (e.g., grain size, presence of organic material, texture, and color) and 
were not associated with any anomalous field observations, such as presence of a sheen 
or petroleum odor that might confound data interpretation.   
2.2 Sediment Collection and Processing 
Sediment at the 25 stations was sampled between July 23 and 25, 2007.  Samples of 
sediment were collected using a 0.023-m2 Eckman grab sampler (Wildlife Supply 
Company, Buffalo, NY, USA) or 0.0071-m2 hand-auger sampler (Ben Meadows 
Company, Janesville, Wisconsin, USA).  The top 15 cm of sediment, where most benthic 
organisms live in this freshwater system, were sampled at each station.  Five to seven 
grabs from each station were collected and homogenized to obtain sufficient sample size 
for all analyses and sediment toxicity tests.  Sediment samples were collected in a 
downstream-to-upstream fashion, to avoid disturbing the sediment prior to sampling.  
Samples for SPME analysis were sieved in the field through 2-mm mesh to remove 
debris.  Sediment sample containers for chemical analysis, SPME analysis, and toxicity 
testing were placed on ice immediately after collection and maintained at about 4°C in 
coolers during transport to the receiving laboratories.   
2.3 Sediment Chemical Analysis 
Sediment samples from all 25 stations were analyzed within one week from the date of 
collection for TAL metals by EPA Methods 6020 and 7471A, and TCL SVOCs by EPA 
Method 8270C (http://www.epa.gov/osw/hazard/testmethods/sw846/ online/index.htm).  
Prior to metals analysis, two extractions were used.  EPA Method 3050 without the 
addition of hydrochloric acid (HCl) was used for all metals, except silver and antimony.  
A separate extraction, EPA Method 3050 with HCl, was used for analysis of silver and 
antimony. 
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 Following review of metals and SVOC data, 14 stations were selected for further 
chemical analysis and toxicity testing.  Sediment from these 14 stations was analyzed by 
Alpha Analytical, Inc. (Mansfield, MA) for 34 PAHs by EPA Method 8270C (mass 
spectrometry in the selected ion-monitoring mode), TCL pesticides by EPA Method 
8081A, PCB Aroclors® by EPA Method 8082, TOC by EPA Method 9060, black carbon 
by the Arccardi-Dey and Gschwend (2002) method, and grain size by Method D 422-63 
(ASTM, 2007a). 
2.4 Sediment Toxicity Testing 
Standard sediment toxicity tests were conducted using the 42-day test with H. azteca 
(USEPA, 2000; ASTM, 2005) by Springborn-Smithers Laboratories (Wareham, MA).  H. 
azteca was selected as the test organism because previous short-term toxicity testing 
conducted on Brook sediments suggested that H. azteca was more sensitive than C. 
tentans to site chemicals.  Prior to test initiation, the toxicity laboratory sieved the 
samples through 0.5-mm mesh to remove larger indigenous organisms that could prey on 
the test organisms, a problem that was previously encountered in toxicity tests of 
sediments from this site.  The tests were initiated 23 to 25 days after sample collection, 
within the recommended holding time of 2–8 weeks (USEPA, 2000; ASTM, 2005).  The 
42-day toxicity test with H. azteca measures the number of surviving amphipods and dry 
weight in milligrams after 28 days, and the number of progeny per female amphipod at 
day 42.  Twelve replicates were evaluated for each tested sediment, with 10 amphipods in 
each replicate.  Twelve replicates were used for the survival endpoint, four replicates 
were used for the growth endpoint, and eight replicates were used for the reproduction 
endpoint.  Overlying water was renewed at a rate of two volume replacements per day.  
An artificial sediment prepared according to OECD Guideline NO. 219 (OECD, 2001) 
was used as a negative control.  Potassium chloride was used as a positive control.   
Overlying water quality characteristics were measured in accordance with guidance in 
USEPA (2000).  Total hardness, alkalinity, conductivity, dissolved oxygen, pH, and total 
ammonia-N were measured in the overlying water from each test chamber on days 0, 28, 
29, and 42 of the test.  Conductivity was monitored weekly from a composite sample.  
Dissolved oxygen and pH were monitored three times per week in one alternating 
replicate throughout the course of the study.  Temperature was monitored daily in one 
alternating replicate throughout the course of the study. 
2.5 Solid Phase Microextraction and Analysis of 34 PAHs 
For PAHs, various methods have been developed to estimate or measure the bioavailable 
fraction of PAHs in sediment, including the USEPA bioavailability procedure for 
measuring the bioavailable concentration in pore water (USEPA, 2003), equilibrium 
partitioning (EqP) methods that estimate the bioavailable fraction in pore water by 
accounting for association to non-pyrogenic and pyrogenic organic carbon in sediment 
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 (Accardi-Dey and Gschwend, 2003; Gustafsson et al., 1997), supercritical fluid extraction 
(Hawthorne et al., 2007), and SPME (Hawthorne et al., 2005; Hawthorne et al., 2007; 
Kreitinger et al., 2007).  Recent work has demonstrated that freely dissolved 
concentrations of PAHs in pore water as determined by SPME is a good predictor of 
sediment toxicity for PAH-contaminated sediments (Hawthorne et al., 2007; Kreitinger et 
al., 2007). 
The SPME measurement of 34 parent and alkylated PAHs (18 parent and 16 groups 
of alkyl PAHs listed for EPA’s equilibrium partitioning sediment benchmark (ESB) 
model [2003]) in pore water of sediment samples was conducted by TestAmerica 
(Knoxville, TN) using the ASTM Method D 7363 (ASTM, 2007b).  The SPME analysis 
began within 28 days of sample collection.  Briefly, sediment samples were centrifuged 
at 1,000 g for 30 min to collect pore water.  Pore water samples were re-centrifuged after 
addition of alum to precipitate colloids.  PAHs were extracted using SPME with fibers 
coated with poly(dimethylsiloxane).  SPME sorption was performed for 30 minutes, after 
which the fiber was desorbed directly into the gas chromatography/mass spectrometer 
injection port.  
2.6 Estimating Sum-TU 
Recent EPA guidance (USEPA, 2003) establishes ESBs to protect benthic organisms 
from the narcotic effects of PAHs.  To more accurately reflect the potential exposure of 
biota in the environment, the guidelines are applied to PAH mixtures, as opposed to 
individual PAHs.  This guidance established final chronic values (FCVs) for individual 
PAHs that are expected to be protective of aquatic species.  A toxic unit (TU) is the 
quotient of an individual PAH concentration in sediment or pore water (predicted or 
measured) divided by its corresponding FCV.  If the sum of the TUs for 34 individual 
PAHs (Sum-TU) is ≤1.0, it can be concluded that the concentrations of PAHs in the bulk 
sediment sample are below the toxicity threshold for benthic organisms.  Because of the 
environmentally conservative nature of the FCVs, a Sum-TU > 1.0 does not necessarily 
mean that bulk sediment PAHs will result in adverse effects to benthic organisms.   
Three methods were used to calculate the Sum-TUs in the present study.  The first 
method is referred to as a one-phase model, which estimates concentrations of PAHs in 
pore water from the concentrations of PAHs in bulk sediment and TOC.  The second 
method, referred to as a two-phase model, estimates concentrations of PAHs in pore 
water from the concentrations of PAHs in bulk sediment, TOC, and black carbon (an 
additional phase that can also adsorb PAHs).  The third method is the SPME method, 
which directly measures freely dissolved concentrations of PAHs in pore water.   
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 The one-phase model is used to estimate the freely dissolved concentration of each 
PAH in pore water using the following relationship: 
            CSED/CW  =  fOC  * KOC   (Equation 1) 
where: 
CSED = the concentration of each PAH in sediment (µg/kg dry 
weight) 
CW = the concentration of freely dissolved PAH in pore water 
(µg/L) 
fOC = the weight fraction of total organic carbon in sediment (kg 
organic carbon/kg dry weight) 
KOC = the organic carbon-water partition coefficient for a specific 
PAH (L/kg organic carbon) 
The equation is rearranged and used to solve for CW.  CW for each PAH is divided by 
its corresponding FCV to calculate TUs. 
The two-phase model is used to estimate the freely dissolved concentration of each 
PAH in pore water using the following relationship:  
CSED/CW  = fNPOC * KOC + fBC * KBC CW n-1 (Equation 2; Accardi-Dey 
and Gschwend, 2002)  
where: 
fNPOC = the weight fraction of non-pyrogenic organic carbon in 
sediment (kg non-pyrogenic organic carbon/kg dry 
weight, calculated from the difference between total 
organic carbon and black carbon) 
fBC = the weight fraction of black carbon in sediment (kg black 
carbon/kg dry weight) 
KBC = the black carbon-pore water partition coefficient for each 
PAH (L/kg black carbon) 
n        =  the Freundlich exponent, which accounts for nonlinear 
sorption behavior of black carbon (n=0.6) (Accardi-
Dey and Gschwend, 2002) 
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 We use an iterative approach to solve for CW.  CW for each PAH is divided by its 
corresponding FCV to calculate a TU.  Black carbon-pore water partition coefficients, 
KBC, for 17 PAHs were taken from Accardi-Dey and Gschwend (2003).  Because KBC 
values were not available for all 34 PAHs, a regression relationship was used to estimate 
these values for the other PAHs (Kane Driscoll et al., 2009).  
In order to calculate the sum of ESB TUs for the SPME method, the measured 
concentration of each PAH was divided by its corresponding ESB FCV (USEPA, 2003).  
The TUs for the individual PAH were summed in accordance with Hawthorne et al. 
(2007); if a peak was not detected above the method-specified signal-to-noise threshold, a 
zero was used in the TU calculation. 
2.6 Statistical Data Analysis 
Analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test and the 
Wilcoxon non-parametric test were used to detect significant differences among the 
toxicity test sample results.  ANOVA followed by Dunnett’s test is the most powerful 
analytical method for detecting statistical differences among multiple samples and a 
single control or reference group, but the data should meet the underlying assumptions of 
the method (equal variance and normality).  Multiple residual and probability plots were 
used to test these assumptions.  A non-parametric comparison was also conducted using 
an overall Kruskal-Wallis test followed by Wilcoxon pair-wise tests with an adjusted 
significance level to account for multiple tests.  Additionally, an outlier evaluation using 
Dixon’s test with a 0.05 significance level was completed to identify any samples that 
may be highly influencing the statistical comparison results.  Statistical comparisons were 
conducted with and without these outlier samples.  A sample was considered significantly 
lower than the upstream background samples or laboratory control sample if either 
statistical method indicated significance.  An overall significance level of 0.05 was used, 
except for the non-parametric comparisons, which used adjusted significance levels.   
Spearman correlation was used to evaluate the strength of relationships between each 
of the toxicity endpoints and the chemical (e.g., contaminant concentration, Sum-TU) and 
physical characteristics (e.g., TOC) of the sediment samples.  Additionally, correlations 
among chemical and physical characteristics were used to examine the covariance among 
chemical contaminants in Brook sediments.   
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 3. RESULTS AND DISCUSSION 
3.1 Sediment Chemical Analyses 
The 14 sediment samples contained a mixture of sands and fine-grained material (e.g., silt 
and clay).  None of the samples contained any gravel or cobble.  TOC content of 
sediments ranged from 0.6 to 3.2 percent (Table 1).  Because H. azteca is tolerant to 
sediment grain size ranging from silt to predominantly sand, and TOC ranging from 0.3 
to 9.6 percent (USEPA, 2000), grain size and TOC in these sediment samples probably 
did not adversely affect the results of the sediment toxicity tests.  
Table 1.  Physical characteristics of sediments. 
Station 
Total Organic Carbon 
(%) 
Black Carbon  
(%) 
Silt/Clay  
(%) 
1 0.62 0.01 9.6 
2 1.4 0.01 18 
3 2.6 0.065 52 
4 2.2 0.27 21 
5 2.3 0.055 78 
6 2.0 0.03 55 
7 2.7 0.12 56 
8 1.7 0.14 60 
9 3.2 0.075 63 
10 1.9 0.01 71 
11 1.9 0.01 52 
12 2.0 0.04 47 
13 1.4 0.24 31 
14 2.0 0.045 56 
 
Sediments sampled near the facility had elevated concentrations of metals, PAHs, 
phthalates, and other organic chemicals (results of key chemical analyses are shown in 
Table 2).  Concentrations of lead in sediment adjacent to and downstream of the facility 
ranged from 240 to 6,400 mg/kg dry, and upstream samples ranged from 7.9 to 52 mg/kg 
dry.  Other metals, including antimony, cadmium, and zinc, were also elevated in 
sediment adjacent to and downstream of the facility relative to the upstream stations.  
Concentrations of total (34) PAHs in sediment adjacent to and downstream of the facility 
ranged from 48,000 to 890,000 µg/kg dry, and concentrations in upstream sediment 
samples ranged from 2,000 to 11,000 µg/kg dry.  Similarly, concentrations of butyl 
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 benzylphthalate in sediment adjacent to and downstream of the facility ranged from 
32,000 to 1,000,000 µg/kg dry, and concentrations in upstream sediment samples were 
below detection limits (<440 µg/kg dry).  In addition, total PCB Aroclors® up to 1,032 
µg/kg dry and total DDT up to 90 µg/kg dry were detected in sediments near and 
downstream of the facility (Table 2).   
Concentrations of metals, total PAHs, total PCB Aroclors®, and total DDT in 
sediment samples were compared to probable effect concentrations (PECs) and threshold 
effect concentrations (TECs) (MacDonald et al., 2000) to judge whether adverse 
biological effects to benthic macroinvertebrates could be occurring.  Such comparisons 
alone do not indicate that adverse effects are occurring.  The TECs for metals and the 
PECs for organic compounds have been adopted as the Massachusetts SQBs 
(http://www.mass.gov/dep/water/laws/ecoturss.pdf).  Concentrations of metals, total 
PAHs, total PCB Aroclors®, and total DDT in upstream stations were below the PECs, 
and most of these chemicals were also below the TECs (Table 2).  However, 
concentrations of lead and total PAHs in the sediment samples near and downstream of 
the facility were up to 50 and 40 times the PEC for lead and total PAHs, respectively.  
Concentrations of cadmium also exceeded the PEC at many locations near and 
downstream of the facility.  Concentrations of zinc and total PCB Aroclors® occasionally 
exceeded their PECs near and downstream of the facility.  Concentrations of total DDT in 
sediments exceeded the TEC at every location, but never exceeded the PEC.  Although 
PECs were unavailable for butyl benzylphthalate and dibenzofuran, concentrations of 
these two chemicals were elevated in downstream sediment samples as compared to 
upstream sediment samples. 
Concentrations of many of the chemicals co-vary in the Brook sediment (Table 3).  In 
fact, all of the metals are significantly correlated with each other, as well as with total 
PCB Aroclors®, total PAHs, and butyl benzylphthalate (Spearman rank, p<0.05).  Black 
carbon is also significantly correlated with all of the metals, total PCB Aroclors®, total 
PAHs, and butyl benzylphthalate.  However, TOC is only significantly correlated with 
total DDT.  The Sum-TUs did not significantly correlate with any of the metals or 
organic chemicals. 
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Table 2.  Results of key chemical analyses and sediment toxicity tests for the Brook study site. 
                  
  Test Day 28     Test Day 42 
Station 
Antimony  
(mg/kg) 
Cadmium  
(mg/kg) 
Lead  
(mg/kg) 
Zinc  
(mg/kg) 
Total 
PCB 
Aroclors®  
(µg/kg)a 
Total 
DDTs  
(µg/kg)a 
Butyl 
benzyl-
phthalate  
(µg/kg) 
Dibenzofuran 
(µg/kg) 
Total  
34-PAHs 
(µg/kg)a 
Survival of 
Hyalella 
azteca (%)b N 
Dry Weight of 
Hyalella azteca 
(mg/survivor)b N   
Offspring of 
Hyalella azteca 
(number released 
per female)b N 
1 0.071 0.056 7.9 18 <56 12.4c <240 <240 2,000c 96 (7)  12 0.37 (0.06) 4  8.18 (2.13) 8 
2 0.14 0.2 26 55 <70c 24.7c <280 <280 9,600c 94 (10)  12 0.31 (0.14) 4  7.32 (1.52) 8 
3 0.54 0.44 52c 110 <98c 46.4c <440 <250 11,000c 91 (17)  12 0.36 (0.16)  4  7.44 (2.87) 8 
4 210 24c,d 6,400c,d 920c,d 570c 19c 140,000 1,600 660,000c,d 78 (19)e,f,g,h 12 0.28 (0.12) 4  2.36 (1.62)e,f,g,h,i 8 
5 24 3.7c 1,100c,d 310c 380c 56c 32,000 370 68,000c,d 93 (11)  12 0.39 (0.03) 4  7.74 (4.21) 8 
6 39 8.7c,d 1,900c,d 340c 612c 47c 290,000 420 110,000c,d 84 (13)e,g,h 12 0.24 (0.01)e 4  2.81 (1.22)e,g,h,i 8 
7 47 7.0c,d 2,500c,d 420c 1,032c,d 40c 1,000,000 3,700 890,000c,d 63 (18)e,f,g,h,i 12 0.24 (0.09)e 4  3.22 (3.48)e,g,h 8 
8 77 6.1c,d 2,600c,d 390c 421c 28c 140,000 2,200 150,000c,d 83 (15)g,h 12 0.36 (0.03) 4  4.49 (2.38)g,h 8 
9 61 18c,d 2,700c,d 900c,d 664c 46c 380,000 1,500 230,000c,d 2 (4)e,f,g,h,i 12 0.5 1  0e,f,g,h,i 1 
10 19 7.7c,d 710c,d 300c 504c 37c 220,000 360 84,000c,d 94 (5)  12 0.33 (0.06) 4  5.33 (2.38) 8 
11 13 4.1c 420c,d 200c 318c 64c 76,000 4,600 72,000c,d 93 (10)  12 0.36 (0.04) 4  7.27 (2.34) 8 
12 29 7.5c,d 1,200c,d 660c,d 1,000c,d 54c 600,000 190 57,000c,d 10 (11)e,f,g,h,i 12 0.40 (0.05) 3  1.00 (1.41)e,g 3 
13 7.3 4.1c 340c,d 200c 340c 41c 140,000 <340 48,000c,d 90 (6)  12 0.32 (0.03) 4  6.13 (2.39) 8 
14 4.9 3.1c 240c,d 220c 459c 90c 76,000 150 100,000c,d 92 (6)  12 0.31 (0.08) 4  4.72 (2.04)g,h 8 
                 
TECj NA 0.99 35.8 121 59.8 5.28 NA NA 1,610 --  --   --  
PECk NA 4.98 128 459 676 572 NA NA 22,800 --   --     --   
a
 For undetected values, one-half of the detection limits were used to calculate the sum concentrations. 
b
 Values shown are the mean (with the standard deviation in parathenses). Laboratory control values were as follows: Mean survival = 93 (6)%; Mean dry weight = 0.37 (0.04) mg/survivor; Mean number 
of offspring = 5.93 (1.90) per female. 
c
 Concentration exceeds its corresponding threshold effect concentration (TEC). 
d
 Concentration exceeds its corresponding the probable effect concentration (PEC). 
e
 Statistically significant when compared to the control group based on Kruskal-Wallis analysis (p<0.05). 
f
 Statistically significant when compared to the control group based on ANOVA followed by Dunnett's test (p<0.05). 
g
 Statistically significant when compared to the pooled reference samples based on ANOVA followed by Dunnett's test (p<0.05). 
h
 Statistically significant when compared to the pooled reference samples based on Wilcoxon test (p<0.05). 
i
 Statistically significant when compared to the control group based on Wilcoxon test (p<0.05). 
j
 Threshold effect concentration (MacDonald et al. 2000).    k Probable effect concentration (MacDonald et al. 2000). 
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 Table 3.  Summary of correlations between chemical variables.a 
   Metals (mg/kg, dry)  Organic Analytes (µg/kg, dry)  Other (%)  Toxicity Units  
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Metals (mg/kg, dry)                       
 Antimony    0.86d 1.00c 0.94c  0.77d -0.05 0.79d 0.86d 0.73d 0.79d  0.65e -0.51   -0.08 0.16 0.15 
 Cadmium 0.86d    0.88d 0.87d  0.82d -0.02 0.65e 0.77d 0.82d 0.65e  0.73d -0.39   -0.14 0.25 0.06 
 Lead 1.00c 0.88d    0.95c  0.79d -0.04 0.78d 0.87d 0.74d 0.78d  0.64e -0.52   -0.10 0.19 0.12 
  Zinc 0.94c 0.87d 0.95c      0.88d 0.05  0.66e 0.82d 0.79d 0.65e   0.70e -0.44    -0.03  0.32  0.16  
Organic Compounds (µg/kg, dry)                      
 Total Aroclor® PCBs 0.77d 0.82d 0.79d 0.88d     0.19 0.59e 0.78d 0.94c 0.54   0.85d -0.26   0.27 0.40 0.33 
 Total DDTs -0.05 -0.02 -0.04 0.05   0.19    0.13 0.04 0.13 0.13   0.04 0.69e  0.39 -0.18 0.14 
 Total 17 PAHs 0.79d 0.65e 0.78d 0.66e  0.59e 0.13    0.88d 0.60e 0.97c  0.51 -0.30   0.01 0.08 0.17 
 Total 34 PAHs 0.86d 0.77d 0.87d 0.82d  0.78d 0.04 0.88d    0.70e 0.79d  0.60e -0.45   0.09 0.30 0.33 
 Butyl benzylphthalate 0.73d 0.82d 0.74d 0.79d  0.94c 0.13 0.60e 0.70e    0.57e  0.88d -0.22   0.25 0.31 0.23 
  Dibenzofuran 0.79d 0.65e 0.78d 0.65e   0.54  0.13  0.97c 0.79d 0.57e      0.48  -0.27    -0.07  0.08  0.08  
Other (%)                      
 Black Carbon 0.65e 0.73d 0.64e 0.70e  0.85d 0.04 0.51 0.60e 0.88d 0.48      -0.05   0.36 0.37 0.45 
  Total Organic Carbon -0.51  -0.39  -0.52  -0.44    -0.26  0.69e -0.30  -0.45  -0.22  -0.27    -0.05       0.43  -0.17  0.20  
PAH Toxicity Units                      
 
Sum-TU (one-phase 
model) -0.08 -0.14 -0.10 -0.03   0.27 0.39 0.01 0.09 0.25 -0.07   0.36 0.43      0.01 0.85 
 
Sum-TU (two-phase 
model) 0.16 0.25 0.19 0.32   0.40 -0.18 0.08 0.30 0.31 0.08   0.37 -0.17   0.01    0.20 
  Sum-TU (SPME)b 0.15  0.06  0.12  0.16    0.33  0.14  0.17  0.33  0.23  0.08    0.45  0.20    0.85d 0.20     
a
 Correlation estimate is based on Spearman non-parametric correlation. P-values have not been adjusted for the number of analyses. 
b Solid-phase microextraction. Undetected results were included as zeros. 
c
 p<0.001. 
d
 p<0.01. 
e
 p<0.05. 
 
 
13
McArdle et al.: Ecological Risk-Based Cleanup Strategy
Produced by The Berkeley Electronic Press, 2010
 3.2 Sediment Toxicity Tests 
In general, there were no unacceptable water quality deviations during the 42-day 
H. azteca test, and test results met the test acceptability criteria.  The negative control had 
mean survival at 28 days of 93 percent, growth at day 28 of 0.37 mg per amphipod, and 
5.93 offspring per female amphipod at day 42.  The performance of the positive control 
suggested that the test organisms were suitably sensitive for testing.  
Mean survival of H. azteca ranged from 2 percent at Station 9, which was 
downstream of the facility, to 96 percent at Station 1, which was upstream of the facility.  
Mean number of offspring per H. azteca female ranged from 0 at Station 9 to 8.18 at 
Station 1.  No significant reductions in growth, which ranged from 0.24 to 0.50 mg dry 
weight per amphipod, were observed in any of the downstream samples in comparison to 
the upstream background samples (Table 2).  Survival and reproduction were 
significantly reduced in five of the six sediment samples (Stations 4, 6, 7, 8, and 9) from 
areas adjacent to the facility and in one of the samples from downstream of the facility 
(Station 12) in comparison to the upstream background samples.  Reproduction was also 
significantly reduced at Station 14 in comparison to the upstream background samples, 
although survival was not depressed at Station 14.   
3.3 SPME for 34 PAHs 
The SPME method was used on a subset of five sediment samples (Stations 5, 6, 7, 11, 
and 13) to measure concentrations of freely dissolved PAHs in pore water.  Most of the 
34 PAHs were detected in at least one of the five sediment samples by the SPME 
analysis, with the exception of benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 
dibenz[a,h]anthracene, C3–fluorenes, C4−phenanthrenes + anthracene, C1–chrysene + 
benz[a]anthracene, C2–chrysene + benz[a]anthracene, C3–chrysene + benz[a]anthracene 
and C4–chrysene + benz[a]anthracene.  According to the approach adopted by 
Hawthorne et al. (2005), the Sum-TU for the SPME samples was calculated using zero as 
the concentration for PAHs below the practical quantitation limits for this method.   
3.4 Prediction of PAH Toxicity 
The Sum-TUs estimated from the one-phase model, which accounts for association of 
PAHs with TOC, were greater than 1.0 for the entire set of sediment samples including 
those from the upstream stations, ranging from 1.2 to 39 Sum-TU (Table 4).  Sum-TUs 
estimated from the two-phase model, which accounts for association of PAHs with TOC 
and black carbon, were greater than 1.0 for all sediment samples, except for one upstream 
sample, ranging from 0.8 to 30.  Although the results of the one- and two-phase models 
predict that concentrations of PAHs in the 14 sediment samples are not acceptable for the 
protection of benthic organisms, the toxicity results for 7 of the 14 samples (Stations 1, 2, 
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 3, 5, 10, 11, and 13) were not significantly different from the laboratory control sample.  
In contrast, the Sum-TUs calculated from the results of the SPME for 5 samples were all 
less than 1.0, ranging from 0.22 to 0.56, a result that suggests that concentrations of 
freely dissolved PAHs in these samples are below a concentration that would be expected 
to result in adverse effects to benthic invertebrates.  However, toxicity test results for two 
of the five samples (Stations 6 and 7) analyzed by SPME were significantly different 
from the laboratory control and upstream samples.  Thus, none of the three Sum-TU 
models could adequately explain the observed toxicity in all samples.  In addition, results 
of these three models were not significantly correlated with survival and reproduction of 
H. azteca (Table 5).  Growth of H. azteca was negatively correlated with Sum-TU SPME 
results, but growth was not significantly different among the stations.  
 
Table 4.  Results of polycyclic aromatic hydrocarbon toxicity models. 
Station 
Sum-TUa  
(one-phase model)b 
Sum-TU  
(two-phase model)c 
Sum-TU 
(SPME)d 
1 3.6 3.2 --d 
2 2.2 2.0 --d 
3 1.2 0.8 --e 
4 36 19 --e 
5 4.3 3.0 0.39 
6 7.5 6.2 0.56 
7 39 30 0.33 
8 12 5.4 --e 
9 9.4 7.0 --e 
10 6.3 5.7 --e 
11 5.7 5.3 0.17 
12 4.6 3.4 --e 
13 5.6 1.2 0.22 
14 6.8 5.0 --e 
a
 toxic unit 
b
 This model estimates concentration of PAHs in pore water from the concentrations of PAHs in bulk 
sediment and TOC. 
c
 This model estimates concentration of PAHs in pore water from the concentrations of PAHs in bulk 
sediment, TOC, and black carbon. 
d
 Solid-phase microextraction technique directly measures the concentrations of PAHs in pore water.  
Undetected results were included as zeroes. 
e
 Test was not run on sample. 
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 Table 5.  Summary of correlations between three toxicity endpoints  
from sediment toxicity tests with Hyalella azteca and chemical variables. 
  
Survival of Hyalella 
azteca (%) 
  
Dry Weight of Hyalella 
azteca (mg/survivor) 
  
Offspring of Hyalella azteca 
(number released per female) 
  Correlationa P-value   Correlation P-value   Correlation P-value 
Metals (mg/kg, dry)         
Antimony -0.77 0.0053  --   nsb  -0.78 0.0048 
Cadmium -0.69 0.0124  --   ns    -0.86 0.0019 
Lead -0.79 0.0044  --   ns    -0.80 0.0037 
Zinc -0.84 0.0024  --   ns    -0.87 0.0016 
Organic Compounds (µg/kg, dry)         
Total Aroclor® PCBs -0.79 0.0044  --   ns    -0.88 0.0014 
Total DDTs --   ns    --   ns    --   ns   
Total 17 PAHs --   ns    --   ns    --   ns   
Total 34 PAHs -0.65 0.0183  --   ns    -0.74 0.0078 
Butyl benzylphthalate -0.78 0.0048  --   ns    -0.86 0.0019 
Dibenzofuran --   ns    --   ns    --   ns   
Organic Compounds (µg/kg OC, dry)         
Total Aroclor® PCBs --   ns    --   ns    --   ns   
Total DDTs -0.61 0.0278  --   ns    -0.71 0.0107 
Total 17 PAHs -0.59 0.0331  --   ns    --   ns   
Total 34 PAHs -0.61 0.0267  --   ns    -0.73 0.0081 
Butyl benzylphthalate --   ns    --   ns    -0.71 0.0098 
Dibenzofuran --   ns    --   ns    --   ns   
Other (%)         
Black carbon -0.58 0.0360  --   ns    -0.75 0.0071 
TOC --   ns    --   ns    --   ns   
PAH Toxicity Units         
Sum-TU (one-phase model) --   ns    --   ns    --   ns   
Sum-TU (two-phase model) --   ns    --   ns    --   ns   
Sum-TU (SPME)c --   ns     -0.55 0.0453   --   ns   
a
 Correlation estimate is based on Spearman non-parametric correlation. P-values have not been adjusted for the number 
of analyses.   
b
 Not significant, P-value greater than 0.05. 
c
 Solid-phase microextraction. Undetected results were included as zeros. 
 
Measured concentrations of PAHs in pore water by SPME and corresponding Sum-
TUs were much lower than predicted from the one-phase or two-phase model.  The 
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 differences between measured and modeled concentrations of PAHs in pore water may 
relate to the partitioning coefficients used in the two-phase model.  The KBC values in the 
two-phase model were taken from Accardi-Dey and Gschwend (2003), which calculated 
KBC values for 17 PAHs.  Kane Driscoll et al. (2009) estimated the KBC values for the 
other 17 PAHs using a regression relationship between the existing KBC and KOW values.  
However, KBC values for individual PAHs in sediments can range nearly three orders of 
magnitude (Hawthorne et al., 2007).  Rearranging Equation 2 to solve for KBC, we 
calculated the KBC values for individual PAHs in the Brook sediment samples using the 
pore water concentrations determined by SPME in five samples run in duplicate analysis 
(i.e., 10 results).  The site-specific KBC values for individual PAHs were compared to 
those found by Hawthorne et al. (2007) and those used in the two-phase model (Kane 
Driscoll et al., 2009) (Figure 2).  The site-specific KBC values for individual PAHs fell 
within the range observed by Hawthorne et al. (2007), but the site-specific KBC values for 
several PAHs were greater than those used in the two-phase model.  These comparisons 
suggest a greater than expected adsorption of PAHs to black carbon in Brook sediments.  
It is also possible that other sorbent phases were present in the sediment samples that 
were not accounted for in the black carbon and TOC analyses. 
 
Figure 2.  Black carbon-pore water partition coefficient (KBC) values for parent and alkyl PAHs 
from 114 background and historically contaminated sediments (Hawthorne et al. 2007), Boston Harbor 
sediments (Kane-Driscoll et al. 2009), and Brook sediments (the present study). 
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 3.5 Correlation Evaluation 
The potential contribution of co-occurring metals and other organic sediment 
contaminants to toxicity was further evaluated.  Spearman correlation was used to 
evaluate the strength of relationships between concentrations of chemicals and each of 
the toxicity endpoints.  Chemicals included in the correlation analysis were those metals 
with sediment concentrations that were consistently greater than the PECs (cadmium, 
lead, and zinc) and organic compounds with sediment concentrations consistently greater 
than the TECs (total PCBs, total DDT, and the 34 PAH compounds).  Antimony, butyl 
benzylphthalate, dibenzofuran, and the Sum-TUs calculated from the one- or two-phase 
models or SPME were also included in the correlation analysis because they were 
elevated relative to upstream samples.  In addition, TOC and black carbon were included 
in the correlation analysis to determine whether these constituents were related to the 
observed toxicity.  Correlations between concentrations of organic contaminants and the 
toxicity test endpoints were analyzed on both a dry-weight basis and an organic carbon-
normalized basis.   
Both survival and reproduction had significant negative correlations with 
concentrations of metals, black carbon, and the total PAHs on a dry-weight and organic-
carbon basis (Table 5).  Additionally, these endpoints were also correlated with organic-
carbon normalized concentrations of DDT.  Total PCBs and butyl benzylphthalate were 
also significantly correlated to survival and reproduction.  Additional chemicals had 
significant correlations with only one of the toxicity endpoints (Table 5).  Growth was 
significantly and negatively correlated with the Sum-TU for the SPME method, but 
growth was not significantly different among the stations.  PAHs were ruled out as 
chemicals contributing to observed toxicity, because the Sum-TU SPME analysis 
indicated that concentrations of PAHs in these sediments would not result in toxicity to 
benthic organisms, and the Sum-TU determined by any method (one-phase, two-phase, or 
SPME) did not correlate strongly with survival and reproduction.   
To further assess which chemical(s) may be contributing to the observed toxicity in 
the chronic sediment toxicity tests, the concentrations of antimony, cadmium, lead, zinc, 
total PCBs, total DDT, butyl benzylphthalate, and dibenzofuran in sediment samples 
were compared to the PECs, or other sources of sediment concentrations associated with 
effects if PECs were unavailable for a particular chemical.  For example, the secondary 
chronic value (SCV) from Jones et al. (1997) was used for dibenzofuran after being 
corrected for 2% TOC.  Studies on phthalate exposures to benthic organisms are limited; 
although the available data suggest that sediment effect concentrations for phthalates are 
in the range of >1,000 to >30,000 mg/kg dry weight for sediments with medium organic 
carbon content (approximately 5 percent TOC) (Staples et al., 1997).  The low end of this 
range (1,000 mg/kg dry weight) was used as the SQB for butyl benzylphthalate after 
being corrected for 2% TOC. 
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 Zinc, PCBs, DDT, butyl benzylphthalate, and dibenzofuran were eliminated as 
primary contributors to observed toxicity because concentrations did not exceed or only 
slightly exceeded sediment effect concentrations (Table 6).  Toxicity appears to be most 
closely correlated with metals, especially lead (Figure 3).  Other metals correlate well 
with toxicity, but have much lower PEC quotients than lead, and therefore are considered 
less likely than lead to contribute to toxicity.  Because PEC quotients for lead, which 
range from 2 to 50, are much more consistent and much higher than PEC quotients for 
other metals, and because the severity of the effects on survival and reproduction 
increased with lead concentration, lead was considered to be the major contributor to 
observed sediment toxicity.  
3.6 Cleanup Strategy for the Brook 
A remedial feasibility study was conducted using the information from this investigation 
and other technical engineering investigations to develop a remedy for the Brook.  Based 
on those studies, sediment removal is the planned remedial approach for the Brook.  
Sediment down to native material (i.e., pre-facility stream sediment) will be removed in 
areas where sediment toxicity was observed in the chronic sediment toxicity tests, and 
where that toxicity is strongly related to the presence of lead.  These areas include 
Stations 4 through 9, which are adjacent and immediately downstream of the facility, and 
Station 12, which is a downstream hot spot.  There was no toxicity observed at Stations 
10 and 11.  In certain areas (e.g., Station 12) that are not bounded by the presence of a 
sample with significant toxicity, the extent of contamination was delineated by the 
concentration of lead.   
A target cleanup level for lead in sediment was developed by determining the 
concentration of lead at or below which no adverse effects are observed, referred to as the 
apparent effects threshold (AET).  This approach used only “matched” chemical and 
biological effects data.  Sediment samples were labeled “impacted” if survival, growth, or 
reproduction in facility samples was significantly lower than in the upstream samples.  
Note that survival, growth, and reproduction in the upstream background samples were 
not statistically different from the laboratory control.  Using only the nonimpacted 
samples, the site-specific AET was set as the highest concentration that did not exhibit 
statistically significant effects on survival, growth, or reproduction.  The AET for lead in 
these sediment samples was 1,100 mg/kg dry weight.  The lowest concentration of lead at 
which significant effects were observed was 1,200 mg/kg dry weight.  The putative 
toxicity threshold for lead in sediment is between 1,100 and 1,200 mg/kg dry weight, and 
the target cleanup level was set equal to the geometric mean of these values or 1,150 
mg/kg dry weight.   
19
McArdle et al.: Ecological Risk-Based Cleanup Strategy
Produced by The Berkeley Electronic Press, 2010
  
Table 6. Comparison of sediment concentrations to sediment quality benchmarks. 
  Sediment Concentrations   Sediment Quality Benchmark   
Sediment Quality Benchmark 
Quotient 
Chemical Range      Source   Mean Range 
              
Antimony 4.9 – 210 mg/kg  25 mg/kg ERM  1.9 0.2 – 8.4 
Cadmium 3.1 – 24 mg/kg  4.98 mg/kg PEC  1.7 0.6 – 4.8 
Lead 240 – 6,400 mg/kg  128 mg/kg PEC  14 2 – 50 
Zinc 200 – 920 mg/kg  459 mg/kg PEC  0.96 0.4 – 2.0 
Total PCBs 318 – 1,032 µg/kg  676 µg/kg PEC  0.85 0.5 – 1.5 
Total DDT 19 – 90 µg/kg  572 µg/kg PEC  0.08 0.03 – 0.2 
Butyl benzylphthalate 32,000 – 1,000,000 µg/kg  500,000 µg/kg Staples et al. 1997  0.56 0.1 – 2.0 
Dibenzofuran 150 – 4,600 µg/kg   840 µg/kg SCV   1.2 0.18 – 5.5 
Note:  ERM - effects range Median (Long and Morgan 1990),  
 PEC - probable effect concentration (MacDonald et al. 2000),  
 SCV - secondary chronic value (Jones et al. 1997). 
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Figure 3.  Relationship between lead concentrations in Brook sediments and Hyalella azteca survival (top) 
and reproduction (bottom). 
While several samples were taken from the Brook to assess risk to benthic 
invertebrates, additional data were needed to delineate the removal area at Station 12, the 
one downstream station where toxicity was observed.  The strategy for delineating the 
removal area at Station 12 was developed to protect benthic invertebrates from hazardous 
exposure to facility-related chemicals.  First, the initial limits of sediment removal at 
Station 12 were defined as 50 ft upstream and 50 ft downstream of Station 12 (2,000 ft2).  
One composite sediment sample was collected and submitted for analysis to confirm the 
presence of lead in excess of 1,150 mg/kg dry weight.  Additional composite sediment 
samples were collected over 1,000-ft2 sections of the Brook bed, starting with the closest 
1,000-ft2 sections upstream and downstream of the initial removal area, and extending to 
up to 3,000-ft2 upstream and downstream of the initial limits of sediment removal at 
Station 12.  Each sediment sample was composited from seven field-collected samples on 
a randomized basis and analyzed for lead.  The area of approximately 1,000 ft2 was 
selected to further define the limits of remediation around Station 12 because 
Massachusetts has set a regulatory precedent for evaluating exposure of benthic 
invertebrates to chemical concentrations in sediments over an area no greater than 1,000 
ft2.  Analysis of the composite sediment sample from the initial limits of sediment 
removal at Station 12 showed a concentration of 1,980 mg/kg dry weight, confirming the 
presence of elevated lead concentrations in sediments at Station 12.  The limit of 
excavation downstream of Station 12 was extended 50 ft from Station 12 to include an 
additional 1,000 ft2 segment because the sediment sample from that segment contained a 
lead concentration of 1,310 mg/kg dry weight.  Samples further downstream contained 
lead concentrations less than the site-specific target level for lead and will remain in place 
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 (Figure 4).  The sediment sample from the most distant upstream segment contained a 
lead concentration higher than the site-specific target cleanup level for lead.  To address 
this area upstream of Station 12 and potentially contaminated areas just upstream of this 
segment, the excavation limit was extended 230 ft from Station 12, which is the midway 
point between Stations 12 and 11 (the nearest nontoxic station) (Figure 4).   
 
Figure 4.  Delineation of sediment removal area at Station 12.  Concentrations of lead in composite 
samples from 1,000 ft2 segments are shown.  Areas designated for sediment removal based on comparison 
of lead concentrations to the site-specific target cleanup level (1,150 mg/kg) are shown. 
The sediment excavation limits at Station 12 will be limited to 6,600 ft2 in total 
(1,000 ft2 downstream and 4,600 ft2 upstream of the center point at Station 12).  
However, confirmatory sampling and other verification activities will be conducted to 
demonstrate that cleanup objectives were met in that area. 
4. CONCLUSIONS 
The results of this study identified areas where sediment in the Brook exhibited 
significant toxicity and contained potentially facility-related contaminants at 
concentrations that were closely associated with observed toxicity.  Use of SPME 
analysis of PAHs in sediment pore water provided evidence that the observed toxicity to 
H. azteca was not primarily caused by PAHs.  In the SPME analysis, bulk sediment 
concentrations of total PAHs ranging from 48,000 to 890,000 µg/kg dry weight were 
predicted not to be toxic to benthic invertebrates.  Freely dissolved concentrations of 
PAHs in pore water were much lower than predicted based on bulk sediment PAH 
concentrations.  Further analysis of the co-located toxicity and sediment chemistry data 
indicated that lead was the primary contributor to the observed toxicity to H. azteca.  Use 
of the site-specific target cleanup level (1,150 mg lead/kg sediment dry weight) resulted 
in a substantially smaller remediation footprint in the Brook (24,434 ft2; 2,270 m2) than 
that originally proposed (64,799 ft2; 6,020 m2) based on exceedance of SQBs (Figure 1). 
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